Fusarium graminearum is the predominant component of the Fusarium head blight complex of wheat. F. graminearum ascospores, which initiate head infection, mature in perithecia on crop residues and become airborne. The effects of temperature (T) and moisture on perithecium production and maturation and on ascospore production on maize stalk residues were determined. In the laboratory, perithecia were produced at temperatures between 5 and 30°C (the optimum was 21.7°C) but matured only at 20 and 25°C. Perithecia were produced when relative humidity (RH) was >75% but matured only when RH was >85%; perithecium production and maturation increased with RH. Equations describing perithecium production and maturation over time as a function of T and RH (R 2 > 0.96) were developed. Maize stalks were also placed outdoors on three substrates: a grass lawn exposed to rain; a constantly wet, spongelike foam exposed to rain; and a grass lawn protected from rain. No perithecia were produced on stalks protected from rain. Perithecium production and maturation were significantly higher on the constantly wet foam than on the intermittently wet lawn (both exposed to rain). Ascospore numbers but not their dispersal patterns were also affected by the substrate.
F
usarium head blight (FHB) is one of the most widespread and dangerous diseases of wheat and other small-grain cereals (1, 2) . Up to 17 species belonging to the genera Fusarium and Microdochium have been recognized as responsible for FHB (3) . Fusarium graminearum has been considered the predominant species in most cereal-growing areas of the world (4, 5, 6) . Symptoms of the disease include premature bleaching of spikes or spikelets, sterile florets, poorly filled grains, and grains that are shriveled and discolored (white to pale pink) (7) . The disease reduces yield, grain quality, including contamination by mycotoxins, and seed quality (3) .
Wheat spikes are receptive to infection from flowering to the soft-dough stage (8) . Ascospores and macroconidia are the main inocula (3, 7, 9) and are typically produced on the residues of the previous crop (4, 7) . The fungus can survive as a saprophyte on the previous crop's residue for 2 or more years (10, 11, 12) . Although both ascospores and conidia can be detected in cereal crops, ascospores are more prevalent than conidia in many areas (3, 4, 7, 13) . Macroconidia are produced in sporodochia and are dispersed for short distances by splashing rain (14, 15, 16) . Ascospores mature in perithecia and are forcibly discharged into the air; they are then airborne and can travel meters to kilometers (9, 17, 18, 19) .
The main factors influencing production of perithecia and ascospores are light, temperature, and moisture. Light with wavelengths between 300 and 320 nm is essential for the induction of perithecium (20) . Paulitz (21) observed more perithecia on the side of debris exposed to direct light; perithecia were also found on grains buried at 5 to 10 cm, but they did not produce ascospores (10) .
Perithecia and ascospores are formed under warm and moist conditions, but they require cooler conditions than conidia (20, 22, 23) . Andries et al. (24) reported that, in the field, a daily average temperature of Ͻ9°C prevented the formation of perithecia. Under controlled conditions, perithecia developed at temperatures between 12 and 28°C (25) but not at 8 and 30°C (26) , and they matured only at 16, 20 , and 24°C. Tschanz et al. (20) observed mature perithecia (i.e., perithecia oozing ascospores and perithecia with similar size) in the range of 15 to 31°C but not at 32.5°C. The optimum temperature range for perithecium production was 20 to 24°C as reported by Dufault et al. (26) and 29°C as reported by Tschanz et al. (20) . Sutton (7) documented that ascospores were produced at temperatures from 25 to 28°C. According to Xu (27) , the minimal and optimal temperatures were 7 to 10°C and 15 to 20°C, respectively. Other studies have suggested that different strains of F. graminearum could produce fully developed perithecia and ascospores at 15°C or lower (24, 26) .
Production of perithecia is favored by moisture (25, 28) . Perithecium production was enhanced by a moisture level of Ϫ1.50 MPa at 20°C according to Sung and Cook (28) and by a level of Ϫ0. 45 MPa at both 20 and 24°C according to Dufault et al. (25) . The latter study, however, also reported a high production at Ϫ1. 30 MPa, and few perithecia were formed at Ϫ5 to Ϫ6 MPa or below (28); Dufault et al. (25) reported an interaction between temperature and moisture. At Ϫ0. 45 MPa, perithecia matured after 10 days at 20 and 24°C and after 15 days at 16°C; at Ϫ1.30 MPa, perithecia matured after 10 days at 20°C days and after 15 days at 24°C. However, the trend in perithecium production in response to temperature was similar among moisture levels.
The studies cited in the previous paragraphs focused on perithecium production and did not evaluate the effects of temperature and moisture on ascospore production. Dufault et al. (25) speculated that conditions favoring large numbers of perithecia of substantial size would result in high concentrations of ascospore inoculum, but this assumption needs to be verified. In addition, most of the previous studies were conducted in controlled environments, on agar media or maize stalk tissue, with constant temperature and moisture regimes. In the field, however, both temperature and moisture follow a diurnal pattern. Therefore, the fungus may exploit favorable conditions for further development before either temperature or moisture becomes limiting again, and it is possible that perithecia develop in a series of steps. It follows that further research is needed to investigate how perithecium and ascospore productions are affected by temperature and moisture under field or near-field conditions.
The objective of our study was to determine the effect of temperature and moisture conditions on perithecium production and maturation and on ascospore production by F. graminearum on maize stalk residues under both laboratory and outdoor conditions.
MATERIALS AND METHODS
Inoculation of maize stalks. In February 2011 and 2012, maize stalk residues were collected from the surface of plots in which maize had been grown the previous season. Stalks were cut into pieces that were 5 cm long for laboratory experiments and 15 to 20 cm long for outdoor experiments. The pieces were immersed in distilled water for 12 h, removed from the water, and sterilized twice in an autoclave (120°C for 20 min each time). The sterilized pieces were then immersed for 2 min in a conidial suspension (3 ϫ 10 4 conidia ml Ϫ1 ), which was obtained by mixing conidia produced by two strains of F. graminearum that had been previously tested for their ability to produce perithecia. One strain was isolated from wheat kernels in Italy (Emilia-Romagna) (strain MPVP074; culture collection of Università Cattolica del Sacro Cuore, Piacenza, Italy), and the other was isolated from oat grains in Germany (strain GERM001; Institut fur landwirtschaftliche Kulturen, Bundesanstalt fur Zuchtungsforschung an Kulturpflanzen [BAZ], OT Groß Lusewitz, Sanitz, Germany). Conidial suspensions used for stalk inoculation were obtained from 14-day-old colonies grown on potato dextrose agar (PDA) at 25°C with a 12-h photoperiod in white light. These colonies were washed twice with 20 ml of sterile water, and the surface was gently scraped. The resulting conidial suspensions were filtered through a double layer of sterile cheesecloth and adjusted to achieve a concentration of 3 ϫ 10 4 conidia ml Ϫ1 . After they were inoculated, the stalk pieces were incubated at room temperature (20 to 25°C) for 1 week in the dark to allow the fungus to colonize the residue.
Effect of constant temperatures on perithecium development. Inoculated stalk pieces were placed in aluminum trays (20 by 15 cm), 10 stalk pieces per tray, with 500 ml of sterile water, and sealed in transparent plastic bags to maintain 100% relative humidity (RH). The stalk pieces were placed on a wire grid so that they did not touch the water. The trays were incubated for 8 weeks in incubators (Biolog-LUX, F.lli Galli G.&P., Milan, Italy) at 5, 10, 15, 20, 25, 30, 35 , or 40°C (each temperature regime was represented by two replicate trays) with a 12-h dark/12-h light photoperiod, and a mixture of white and near-UV light was used to induce the production of perithecia (20) . Five of the 10 stalk pieces per tray were examined once each week with a dissecting microscope (magnification, ϫ40); the number of perithecia was determined and expressed as numbers per square centimeter of stalk surface. At the same time (i.e., once a week), 10 perithecia were randomly collected from the remaining five stalk pieces with a needle. The collected perithecia were crushed on a microscope slide, examined with a light microscope (ϫ200), and assigned to one of the following maturity classes (25): 1, initials (without pigmentation); 2, pigment just visible; 3, pigmented, no asci; 4, pigmented, asci beginning to differentiate; 5, asci well-differentiated, no ascospores; 6, asci fully formed, ascospores just beginning to differentiate; 7, with asci and partially formed ascospores; 8, with asci and fully formed ascospores, ascospores clearly septate. Starting from when the first perithecium of a treatment (i.e., temperature regime) was in stage 8, 10 additional perithecia were collected per tray, suspended in 25 l of water in vials, and stirred twice with a vortex mixer at 2,400 rpm. The ascospores in the resulting suspension were counted using a Bürker hemocytometer, and the number of ascospores per perithecium was calculated. The experiment was performed twice. In each experiment, there were 8 temperature regimes, each of them with two replicate trays and 10 stalk pieces per tray.
Effect of constant relative humidity on perithecium development. Inoculated stalk pieces were managed as described in the previous section, but the water on the bottom of the trays was replaced with saturated salt solutions to create different RH values: NH 4 NO 3 , NaCl, KCl, KNO 3 , and water were used to obtain RH values of 62.5, 75.5, 85.0, 92.5, and 100%, respectively (29) . The actual level of RH in the trays incubated at 25°C was confirmed with a data logger (Tinytag Plus 2 TGP-4500; Gemini Data Loggers, Chichester, United Kingdom). Trays were incubated in incubators at 25°C for 8 weeks, and the numbers of perithecia, their maturation, and the numbers of ascospores were determined once each week as previously described. At the end of the experiment, the available water (a w ) and the moisture content (M) of the stalk pieces were determined. The a w was determined with the instrument AquaLab lite (version 1.3; Decagon Devices Inc., Pullman, WA), and M was calculated as follows: M ϭ [(fresh weight Ϫ dry weight)/fresh weight] ϫ100. For the determination of dry weight, stalks were dried at 120°C for 48 h. The experiment was performed twice. In each experiment, there were 5 RH levels, each of them with two replicate trays and 10 stalk pieces per tray.
Development of perithecia outdoors on different substrates. In early March of 2011 and again in 2012, stalk pieces were closed in wire grid boxes (30 by 20 by 10 cm; the boxes prevented dispersal of the stalk pieces) that were placed outside at the University campus of Piacenza (North Italy). There were two kinds of stalk pieces: (i) stalk pieces artificially inoculated as previously described and (ii) stalk pieces naturally infested, collected in experimental plots of ARVALIS-Institut du Végétal (Boigneville, France). The boxes were placed on (i) a grass lawn in open air (exposed to rain); (ii) a piece of sponge-like florist foam in open air (the foam was exposed to rain and remained moist in the absence of rain because it sat in a pan of water); and (iii) a grass lawn under a transparent cover (not exposed to rain). The transparent cover, which was placed 20 cm above the soil, protected the stalk pieces from rainfall while permitting air circulation and light penetration. In a preliminary test, the cover did not alter air temperature or RH at 10 cm above the soil and did not prevent the formation of perithecia in moist stalks (data not shown). Boxes were arranged according to a split-plot design in which the exposure condition was the main factor and the stalk origin was the split factor, with five replicate boxes, 10 stalk pieces per box.
In each stalk piece, an area corresponding to the area visible under a dissecting microscope at a magnification of ϫ40 was randomly chosen and delimited with a permanent marker. These areas were examined twice each week for 20 weeks (from the beginning of March) with a dissecting microscope (magnification, ϫ40), and the perithecia were counted. The maturity stage of the perithecia was determined as previously described on 10 to 30 additional perithecia taken outside the areas used for the counts.
To determine ascospore discharge, spore traps were placed over the stalk pieces. Spore traps consisted of microscope slides (7.5 by 2.5 cm) coated with transparent double-sided adhesive tape (Tesa, Hamburg, Germany) (5.0 by l.2 cm). Slides were fixed 3 to 5 cm above the stalk pieces with the adhesive side facing down. There was one slide per wire box (i.e., 5 slides per each exposure condition and stalk origin). Slides were replaced once each week for 20 weeks. The slides were examined with a light microscope (magnification, ϫ200) to determine the numbers of F. graminearum ascospores and macroconidia; two length-wise stripes (0.213 mm wide) were examined on each slide. Ascospores and macroconidia were identified according to the methods of Headrick et al. (30) and Leslie and Summerell (31) and expressed as numbers per square millimeter of spore trap.
Weather data of air temperature, relative humidity, and rainfall during the outdoor experiments were recorded by a nearby automatic weather station (MeteoSense 2.0; Netsens s.r.l., Florence, Italy). Data analysis. Numbers of mature perithecia per square centimeter of stalk surface were estimated by multiplying the numbers of perithecia produced at any temperature or relative humidity condition tested by the proportion of mature perithecia assessed by microscopic observation of crushed perithecia under the same condition. Numbers of total and mature perithecia were then rescaled by dividing each value by the maximum obtained in the experiment (i.e., the number of perithecia at 20°C or at 100% RH after 56 days of incubation). Pooled data of the replicate experiments were regressed against temperature or relative humidity and incubation time.
Nonlinear regression models were used and compared based on the Akaike's information criterion (AIC); the following models provided the smallest AIC values and were therefore considered the most likely to be correct (32) :
where Y is the rescaled production or maturation of perithecia, T eq values are equivalents of temperature calculated as (
where T is the temperature regime (in degrees Celsius) and T min and T max are the minimal and maximal temperature for production or maturation, RH is the relative humidity (in percentage), t is incubation day, and a to e are the equation parameters. T min and T max were considered equation parameters and estimated accordingly (33) . The equation parameters were estimated using the nonlinear regression procedure of SPSS (version 21; IBM SPSS Statistics, IBM Corp., USA), which minimizes the residual sums of squares using the Marquardt algorithm.
The following goodness-of-fit indexes were calculated for equations 1 and 2 (34, 35, 36) : concordance correlation coefficient (CCC), coefficient of residual mass (CRM), and modeling efficiency (EF). CCC measures the concordance between continuous, approximately normally distributed variables and ranges from Ϫ1 to 1, with a value of 1 indicating a perfect fit of predicted and observed data. CRM measures the tendency of the model to overestimate (CRM Ͻ 0) or underestimate (CRM Ͼ 0) the measurements, with a value of 0 indicating a perfect fit of predicted and observed data. EF compares the simulated values to the average value of measurements, with a value of 1 indicating a perfect fit.
Optimal temperatures (T opt ) for perithecial production and maturation were estimated according to Analytis (37) , based on parameter estimates of the following equation:
where Y is the rescaled production or maturation of perithecia after 56 days of incubation, and a, b, c, and T eq have the same meaning as in equation 1; T opt was then calculated as follows:
In the experiment conducted outdoors, the numbers of perithecia produced on maize stalks, the percentage of mature perithecia, and the numbers of ascospores trapped by spore traps under the three exposure conditions (lawn without rain, continuously wet foam, and lawn with rain) and stalk origin (artificially inoculated and naturally infested) were plotted against time (expressed as day of the year [DOY]). The cumulative numbers of total and mature perithecia produced over the season as well as the total numbers of ascospores trapped were used in an analysis of variance (ANOVA); before analysis, the values were transformed using the natural logarithm function to make the variances homogeneous. A factorial ANOVA was performed considering exposure conditions (fixed factor with 3 levels), stalk origin (fixed factor with 2 levels), and year (random factor with 2 levels), with 5 replicates.
RESULTS

Effects of constant temperatures on perithecium development.
Perithecia were formed at temperatures between 5 and 30°C; no perithecia were produced at 35 and 40°C, and only few were produced at 5°C. Perithecium production over time followed an Sshaped pattern, with a plateau after 42 days of incubation for most of the temperatures tested (Fig. 1A) . Based on equation 3, with b equal to 17.2 Ϯ 2.1 and c equal to 10.5 Ϯ 1.2 and T min and T max estimated as 0 and 35°C, respectively (R 2 ϭ 0.99), the optimal temperature for perithecium production was 21.7°C, with a 95% confidence interval of 21.5 to 21.8°C.
Perithecia began producing mature ascospores after 14 days of incubation, but only at 20 and 25°C (Fig. 1B) . At either higher or lower temperatures, maturation did not advance beyond stage 3 (perithecia pigmented, no asci; data not presented). Based on equation 3, given b of 0.98 Ϯ 0.06 and c of 1.41 Ϯ 0.02, and with T min and T max estimated as 15 and 30°C, respectively (R 2 ϭ 0.99), the optimal temperature for perithecium maturation was 21.1°C, with a 95% confidence interval of 21.0 to 21.3°C. Empty perithecia (perithecia that had matured and discharged ascospores) were found at both 20 and 25°C. They were first observed after 35 days of incubation, and their numbers increased thereafter; 0 to 60% immature perithecia were detected at each sampling time ( Fig. 1B) . Mature ascospores were first found after 14 days of incubation at 20 and 25°C, and the number of mature ascospores increased with time (Fig. 1C) .
Equation 1 provided a good fit of the rescaled data for the production and maturation of perithecia as a function of temperature and incubation time ( Fig. 2A and B, respectively) . Equation 1 is a logistic curve describing perithecial production and maturation over time of incubation having a temperature-dependent, Bete equation of Analytis (37) as the asymptote parameter. In the Bete equation, T min and T max were estimated as 0 and 35°C, respectively, for production and as 15 and 30°C for maturation (Table 1). The parameter a is a proportionality factor, such that the perithecial development at the optimum temperature is equal to 1, b is a rate parameter of production or maturation increase toward its optimum with increasing temperature, c is a rate parameter of production or maturation decrease from its optimum with increasing temperature. In the logistic equation, the parameter d defines the duration of the lag phase, while e defines the development rate at increasing time. Standard errors of equation parameters were low compared to the parameter estimates, and R 2 values were 0.99 (Table 1 ). The goodness-of-fit of equation 1 to experimental data was confirmed by the following index values: CCC ϭ 0.993, CRM ϭ 0.028, and EF ϭ 0.987 for perithecial production; CCC ϭ 0.995, CRM ϭ Ϫ0.004, and EF ϭ 0.989 for maturation. The plot of predicted versus observed values did not show systematic deviations (Fig. 2) , resulting in a regression line not different from the line of perfect agreement (y ϭ x), with intercept a of 0.004 (P ϭ 0.538 for a ϭ 0), slope b of 1.001 (P ϭ 0.340 for b ϭ 1), and R 2 of 0.99 for production (Fig. 2A) ; and a of 0.001 (P ϭ 0.422 for a ϭ 0), b of 0.991 (P ϭ 0.478 for b ϭ 1), and R 2 of 0.99 for maturation (Fig. 2B) .
Effect of constant RH on perithecium development. Perithecia were produced on stalks when RH was Ն75.5%, which corresponded to 15.8% stalk moisture, and matured when RH was Ն85% (16.0% stalk moisture). Numbers of perithecia increased as RH increased, and the maximum number was produced at 100% RH (76.4% stalk moisture) (Fig. 3A) . Mature perithecia were first observed after 14 days of incubation at RH of Ն92.5% (corresponding to a w of Ն0.92 and 22.6% stalk moisture) and after 21 days at 85% RH (corresponding to 0.82 a w and 16.0% stalk moisture) (Fig. 3B) . Empty perithecia were observed after 21 to 28 days of incubation, irrespective of stalk moisture (data not presented). The numbers of ascospores were higher in perithecia produced at 100% RH than at 92.5 and 85% RH (Fig. 3C) .
Equation 2 provided a good fit of the rescaled data for the production and maturation of perithecia as a function of relative humidity and incubation time (Fig. 4A and B Fig. 1 , and the predicted values were generated by equation 1 (see Table 1 (Fig. 4A) ; and a of 0.0002 (P ϭ 0.973 for a ϭ 0), b of 1.017 (P ϭ 0.310 for b ϭ 1), and R 2 of 0.99 for maturation (Fig. 4B) . Development of perithecia outdoors under different conditions. Based on the ANOVA, numbers of total and mature perithecia were significantly affected by exposure conditions. The number of mature perithecia was also affected by interaction exposure condition ϫ stalk origin ϫ year, even though this interaction accounted for only 0.04% of total variance (Table 3 ). In 2011, perithecia were first observed in mid-March in maize stalks on both wet florist foam and grass lawn exposed to rain. Thereafter, numbers of perithecia increased more rapidly on wet florist foam than on the grass lawn (Fig. 5A) . By the end of the season, approximately 1,800 and 1,500 perithecia were cumulatively produced per square centimeter of stalk on wet florist foam and on the grass lawn, respectively (Fig. 5C) . No perithecia were produced on stalks that were placed on a lawn and protected from rain. The percentage of mature perithecia increased over the season in stalks on wet foam, but perithecium maturation was delayed by approximately 2 months on the grass lawn (Fig. 5B) . As a consequence, numbers of mature perithecia were lower in stalks on grass lawn than on wet foam (Fig. 5C) .
In 2012, the first perithecia were produced in late March in stalks on wet foam and were produced 1 month later on grass lawn exposed to rain; at the end of the experiment, similar numbers of perithecia were produced on the two substrates that were exposed to rain (Fig. 5C ). However, perithecium maturation was delayed and strongly reduced on the grass lawn compared to that on wet foam (Fig. 5B) , so that the numbers of mature perithecia were about two times greater on the wet foam than on the grass lawn.
Patterns of ascospores trapping were similar in different years and with different substrates (Fig. 6A) , while the number of ascospores trapped was 10 times greater in 2011 than in 2012 (Fig. 6B) . The numbers of ascospores trapped above the maize stalks were significantly affected by the stalk origin and by the interaction exposure condition-year (Table 3) , since the difference between ascospores trapped above wet foam and grass lawn was significant in 2011 but not in 2012 (Fig. 6B) .
DISCUSSION
Our results have confirmed that temperatures between 20 and 25°C are good for perithecium production (20, 25) ; in our experiment, the optimum temperature was 21.7°C. Our results also agree with those of previous authors who reported that the upper temperature limit for perithecium production was Ն30°C. On the other hand, we observed that 5°C was the lower limit for perithecium production, while Dufault et al. (25) and Andries et al. (24) stated that temperatures of Ͻ9°C prevented perithecial production. The range of temperature allowing perithecium maturation was more restricted than that for production: perithecia matured only at 20 and 25°C after 14 days of incubation, with an optimum at 21.1°C; no maturation occurred at either higher or lower temperatures. These results agree with those of Tschanz et al. (20) , who reported almost no maturation at 15°C, while Dufault et al. (25) observed mature perithecia at 16°C, although this maturation was reached later than at the optimal temperature.
Our experiments also confirmed the effect of moisture on perithecium production. Compared to previous studies, we tested a wider range of humidities (from 62.5 to 100% RH, corresponding to Ϫ66 MPa to 0 MPa). Dufault et al. (25) investigated perithecium production in the range of Ϫ4 to 0 MPa, and Sung and Cook (28) did the same in the range of Ϫ6 to 0 MPa. In our study, perithecia were not produced at RH of 62.5% (corresponding to 0.62 a w , 15.3% moisture, and Ϫ66 MPa water potential). Perithecia were produced at RH of 75.5% (0.75 a w , 15.8% moisture, and Ϫ38 MPa), and production increased with increasing RH. This is in contrast to the results from Sung and Cook (28) , who reported no perithecium production at water potentials that were less than Ϫ5 MPa. Perithecium matured only at RH Ն85% (0.82 a w , 16.0% moisture, and Ϫ27 MPa water potential), and maturation was faster and more ascospores were produced as humidity increased above that threshold. The same trend was reported by Dufault et al. (25) , i.e., the average maturity index increased as humidity increased.
Two main factors may explain the different results reported by Fig. 3 , and predicted values were generated by equation 2 (see Table 2 A second factor is the plant residue used for perithecium production because the plant tissue that is used as residue can differ in the C/N ratio and other properties depending on plant species, plant organ, and growth conditions (42) . Khonga and Sutton (11) reported that the nutritional status of the residues supporting fungal development is the principal factor conditioning the temporal pattern of F. graminearum inoculum production, with perithecia being more rapidly formed on poor residues with a high C/N ratio. In the works previously men- a ANOVA tests were performed for total number of perithecia, numbers of mature perithecia, and numbers of ascospores produced on two types of maize stalk residues (artificially inoculated and naturally infested by Fusarium graminearum). Stalks were exposed outdoors in 2 years and on three exposure conditions: (i) on a grass lawn and exposed to rain; (ii) on a piece of wet florist foam and exposed to rain; (iii) on a grass lawn under a transparent cover. b A factorial ANOVA was performed considering exposure conditions (fixed factor with 3 levels), stalk origin (fixed factor with 2 levels), and year (random factor with 2 levels), with 5 replicates (n ϭ 60). (43), who analyzed the differences between artificial media and plant residues, reported that maize stalks have an average C/N ratio of 60:1, while PDA has a C/N ratio of 10:1 (44). Dufault et al. (25) used maize stalks from mature plants. We used maize residues that had overwintered in the field, which is a substrate that would support perithecium production under natural conditions. Overwintering of the stalks probably resulted in the leaching of soluble compounds, which would increase the C/N ratio, and also involved cycles of wetting and drying and freezing and thawing (45) . It therefore seems likely that overwintering affected residue characteristics, which in turn would have affected perithecium development. In addition to determining the effect of temperature and humidity on perithecium production on maize stalks that had overwintered in the field, the current study provides new insights into the effects of temperature and humidity on perithecium maturation and ascospore production. Our results showed that perithecia matured only in a narrow range of temperatures and that lowmoisture conditions inhibited or slowed maturation and ascospore production. Therefore, perithecium production may occur under a wider range of conditions (5°C Յ T Յ 30°C and 75.5% Յ RH Յ 100%) than perithecium maturation and ascospore production (20°C Յ T Յ 25°C and 85% Յ RH Յ 100%). Because of these differences in temperature and moisture requirements, perithecia were produced but did not mature in some treatments. It follows that using the number of perithecia observed on stalk residues may result in the overestimation of the quantity of inoculum. This inference is further supported by the observation that empty perithecia may remain in situ for some time after ascospores are discharged.
The outdoor experiments confirmed the results obtained under controlled conditions. The outdoor experiments also highlighted the substantial differences between the three moisture regimes (in which the residues were placed on grass with or without exposure to rain and on a sponge-like foam exposed to rain) and the 2 years. In both years, the numbers of perithecia produced were highest when the stalk residues were placed on the continuously moist foam; the numbers were intermediate on a grass lawn subjected to fluctuating moisture (exposed to rain), and no perithecia were detected on a grass lawn that was protected from rain. In addition, perithecia matured earlier on the moist foam exposed to rain than on the grass lawn exposed to rain, but ascospore production (evaluated by trapping discharged ascospores) was similar for the two treatments exposed to rain in the same year. The effect of moisture coming from the soil on inoculum production was previously mentioned by Xu (27) , who reported that ascospore production is prevented when the soil moisture is Ͻ30% and is at its maximum when soil moisture is Ͼ80%. The dynamics of ascospore discharge were similar in the two conditions (stalks on a moist substrate versus stalks on a grass lawn exposed to rain), suggesting that ascospore discharge is not affected by stalk moisture but is mainly driven by rain and atmospheric humidity (18, 46, 47, 48) .
Concerning differences between the 2 years of our outdoor experiment, fewer perithecia were produced, fewer of them matured, and fewer ascospores were discharged in the second year, when there was less rainfall, which again indicated the importance of rainfall for the production and dispersal of inoculum by F. graminearum on maize stalks. Temperature also appeared to play a role in the lower production and maturation of perithecia in the second year, because April and May were cooler in the second year than in the first. Dufault et al. (22) , who also studied the development of perithecia in the field, reported that perithecia stopped developing when the temperature dropped below 7°C and that less inoculum was produced in the second year. Although laboratory experiments with constant conditions are useful, it is important to evaluate the effects of wetting and drying on perithecium development under natural conditions. This is because the response of the fungus to fluctuating conditions can differ from the response to constant conditions. In this regard, Fernando et al. (47) and Dufault et al. (25) postulated that, under fluctuating conditions, F. graminearum perithecia can develop in a series of steps, exploiting periods of favorable conditions for development.
In this paper, equations that describe the effects of temperature and stalk moisture on perithecium production and maturation were developed. These equations should enable researchers to estimate the relative amount of F. graminearum inoculum produced based on weather data. The equations could be integrated into, and thus improve, models that describe inoculum production, such as the Brazilian model GIBSIM (49) and the model elaborated in Italy (50) , by providing an estimate of the ascosporic inoculum present.
